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resumo 
 
 
Os elementos do grupo da Platina consistem em seis elementos químicos 
metálicos (Ru, Rh, Pd, Os, Ir e Pt), que devido às suas características únicas, 
são amplamente usados em várias aplicações, como por exemplo, catálise. 
Fatores como a escassez na crosta terrestre, a complexidade dos processos de 
extração e purificação, o aumento da procura mundial e a crescente 
preocupação ambiental associada ao processo de extração, fazem com que, a 
recuperação destes elementos de soluções de resíduos aquosos e/ou de 
lixiviados tenha grande importância. 
Materiais sorventes à base de carbono têm sido amplamente aplicados devido 
às suas excelentes propriedades físico-químicas, enquanto nanopartículas de 
magnetite (Fe3O4) têm sido reconhecidas por conciliarem as propriedades 
magnéticas ao tratamento de água. Neste contexto, a preparação de estruturas 
híbridas que combinem propriedades destes dois tipos de materiais irá permitir 
a implementação de tecnologias de separação magnética no tratamento de água 
usando processos eficientes de sorção. 
Neste trabalho, dois nanocompósitos magnéticos foram sintetizados por duas 
técnicas diferentes, usando grafite esfoliada (EG) e nanopartículas de Fe3O4 
como percursores. A EG foi preparada por tratamento ultrassónico de grafite 
comercial e as nanopartículas de Fe3O4 foram obtidas por hidrólise oxidativa de 
FeSO4. O nanocompósito magnético designado por Fe3O4@EG_01 foi 
preparado através de interações electroestáticas entre EG e nanopartículas de 
Fe3O4, enquanto o nanocompósito magnético Fe3O4@EG_02 foi obtido por 
hidrólise oxidativa de FeSO4, na presença de EG. A caracterização dos dois 
materiais revelou que os compósitos foram sintetizados com sucesso e 
combinavam propriedades de ambos os percursores. A recuperação de Pd, Pt, 
Ru, Rh e Ir de soluções aquosas (1 mol dm-3) foi estudada realizando 
experiências em modo descontínuo, utilizando os percursores e os 
nanocompósitos e variando diferentes parâmetros (pH, dose de material e 
tempo de contacto). Todos os ensaios foram realizados em água de nascente. 
Os resultados dos ensaios de sorção evidenciaram padrões diferentes, que 
permitiram agrupar os elementos em três grupos (Pt e Ir, Pd e Ru e Rh). Os 
valores de remoção mais elevados foram obtidos a pH 7 usando o 
nanocompósito Fe3O4@EG_02. Os resultados cinéticos de sorção do Pd e Ru 
foram bem ajustados pelo modelo de pseudo-segunda ordem (R2>0,960 e 
Sy.x<0,713), enquanto o modelo de Elovich revelou-se mais adequado para a 
cinética de sorção do Rh (R2>0,972 e Sy.x=0,677). Dos diversos modelos de 
equilíbrio testados, o modelo de Freundlich foi o que melhor se ajustou aos 
dados de equilíbrio obtidos para o Pd, Ru e Rh (R2>0,838). 
Este estudo evidencia que é possível recuperar alguns elementos do grupo da 
platina eficientemente, mesmo a partir de soluções de baixa concentração. 
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abstract 
 
The Platinum group elements (PGE) consists in six metallic elements (Ru, Rh, 
Pd, Os, Ir and Pt), that due to their unique characteristics are widely used in 
many applications, such as catalysis. Their scarcity at the Earth’s crust, the 
complexity of the exploration and purification processes, the increasing 
worldwide demand and the growing environmental concern related with the 
exploration processes, have increase the importance of the recovery of these 
elements from leaching and waste solutions. 
Carbon-based sorbents have been widely used in water treatment due to their 
excellent physico-chemical properties, while magnetite (Fe3O4) nanoparticles 
(NPs) have been recognized by combine magnetic properties with efficiency in 
water treatment. Under this context, the preparation of hybrid structures that 
combine the properties of these two types of materials will allow the 
implementation of efficient magnetic separation technologies in water treatment 
units using sorption processes. 
In this work, two magnetic nanocomposites were synthetized by two different 
techniques, using exfoliated graphite (EG) and Fe3O4 NPs as precursors. EG 
was prepared by ultrasonic treatment of graphite powder, while Fe3O4 NPs were 
obtained by oxidative hydrolysis of FeSO4. The magnetic nanocomposite, 
denoted by Fe3O4@EG_01 was prepared by electrostatic assembly of EG and 
Fe3O4 NPs, while the magnetic nanocomposite Fe3O4@EG_02 was obtained by 
oxidative hydrolysis of FeSO4, in the presence of EG. The characterization of 
both materials revealed that the nanocomposites were successfully synthesized 
and combine properties of both precursors. The recovery of Pd, Pt, Ru, Rh and 
Ir (1 mol dm-3) was studied by carrying batch experiments using the 
nanocomposites and their precursors, in spring water and varying different 
parameters (pH, sorbent dose and contact time). The sorption results shown 
different patterns, which allow to group the elements in three groups (Pt and Ir, 
Pd and Ru and Rh). The highest values of PGE removal efficiencies were 
achieved at pH 7 for Fe3O4@EG_02. The kinetic results for Pd and Ru were well 
fitted by the pseudo-second order model (R2>0.960; Sy.x<0.713), while the 
Elovich model was the most suitable for the Rh sorption (R2>0.972; Sy.x<0.677). 
From all the equilibrium models tested, the Freundlich model was the one that 
better fitted the equilibrium data for Pd, Ru and Rh (R2>0.838). 
This study highlights that is possible to effectively recover some PGE, even from 
low-concentration solutions. 
 vi 
Contents 
List of figures ............................................................................................................... viii 
List of tables ..................................................................................................................... x 
Abbreviations .................................................................................................................. xi 
1 Introduction ............................................................................................................. 1 
1.1 Platinum Group Elements .............................................................................. 1 
1.1.1 Physical and chemical properties .................................................................. 2 
1.1.2 Supply, demand and applications .................................................................. 3 
1.1.3 Industrial processes to obtain PGE................................................................ 5 
1.1.4 Environment emissions, exposure risks and health effects ........................... 6 
1.2 Recuperation techniques of Platinum group elements ................................ 6 
1.2.1 Liquid-Liquid extraction ............................................................................... 6 
1.2.2 Precipitation .................................................................................................. 7 
1.2.3 Electrochemical techniques ........................................................................... 7 
1.2.4 Sorption ......................................................................................................... 7 
1.2.4.1 Ion exchange ............................................................................................. 7 
1.2.4.2 Adsorption ................................................................................................. 8 
1.3 Graphene and related materials for water treatment.................................. 9 
1.4 Removal of platinum group elements using sorption process ................... 11 
1.5 Main objectives and outline of the thesis .................................................... 14 
2 Experimental.......................................................................................................... 15 
2.1 Synthesis and characterization of magnetic graphene-based nanocomposites 
and their precursors .................................................................................................. 15 
2.1.1 Exfoliated Graphite ..................................................................................... 15 
2.1.2 Magnetite nanoparticles .............................................................................. 15 
2.1.3 Fe3O4@EG composites ............................................................................... 15 
2.1.4 Characterization of sorbents ........................................................................ 16 
2.2 Sorption of platinum group elements .......................................................... 17 
2.2.1 Glass material cleaning procedure .............................................................. 17 
 vii 
2.2.2 Reagents and standard solutions ................................................................. 17 
2.2.3 Effect of pH and sorbent comparison ......................................................... 18 
2.2.4 Effect of sorbent mass ................................................................................ 19 
2.2.5 Kinetic experiments .................................................................................... 19 
2.2.6 Equilibrium isotherms experiments ............................................................ 19 
2.3 Sorption kinetics modelling ......................................................................... 20 
2.3.1 Pseudo-first order model ............................................................................ 20 
2.3.2 Pseudo-second order model ........................................................................ 21 
2.3.3 Elovich’s model .......................................................................................... 22 
2.4 Equilibrium isotherm modelling ................................................................. 23 
2.5 Fitting the models to the experimental data ............................................... 25 
3 Results and discussion .......................................................................................... 27 
3.1 Characterization of magnetic nanocomposites and their precursors ...... 27 
3.1.1 Powder X-ray diffraction analysis .............................................................. 27 
3.1.2 Transmission electron spectroscopy ........................................................... 28 
3.1.3 Raman spectroscopy ................................................................................... 29 
3.1.4 Fourier Transform Infrared spectroscopy ................................................... 33 
3.1.5 Magnetic measurements ............................................................................. 34 
3.2 Sorption of platinum group elements from spiked spring water ............. 36 
3.2.1 Sorption efficiency of magnetic nanocomposites and their precursors and the 
effect of pH ............................................................................................................. 36 
3.2.2 Effect of amount of Fe3O4@EG_02 composite .......................................... 39 
3.2.3 Sorption kinetics: mass balance calculations and modelling ...................... 40 
3.2.4 Sorption equilibrium and modelling ........................................................... 47 
4 Conclusions and future work............................................................................... 51 
5 Outputs .................................................................................................................. 53 
References...................................................................................................................... 54 
Appendix A .................................................................................................................... 61 
 
 viii 
List of figures 
Figure 1.1 - Platinum Group Elements in the periodic table [9]. .......................................... 1 
Figure 1.2 - Worldwide production between 1960 and 2011, per country and quantity (tons) 
[7]. ......................................................................................................................................... 3 
Figure 1.3 - Main uses of PGE [6]. ....................................................................................... 4 
Figure 1.4 - Schematic figure of adsorption process [39]. .................................................... 9 
Figure 1.5 - Some graphene nanomaterials used in adsorption processes [50]. .................. 10 
Figure 2.1 - Magnetic nanocomposite isolation from PGE solution using a magnet. The left 
vial contains aqueous solution where sorbent is dispersed. In the right vial, sorbent material 
is isolated by the external magnetic field application. ........................................................ 19 
Figure 3.1 - XRD patterns for (a) Graphite and EG, (b) EG and Fe3O4 NPs and (c) 
Fe3O4@EG_01 and Fe3O4@EG_02. ................................................................................... 28 
Figure 3.2 - TEM imagens of graphite (a), EG (b and c), Fe3O4 NPs (d), Fe3O4@EG_01 (e) 
and Fe3O4@EG_02 (f) nanocomposites. ............................................................................. 29 
Figure 3.3 - Raman spectra of graphite and EG. Spectra collected with 532 nm excitation 
laser wavelength (1 mW 0.5 s and 100 aq). ........................................................................ 30 
Figure 3.4 - Composites Raman spectra, collected at 532 nm excitation laser wavelength (0.1 
mW, 0.5 s and 10 aq)........................................................................................................... 30 
Figure 3.5 - Raman images obtained using integrated intensity of Fe3O4@EG composites 
(left - Fe3O4@EG_01; right - Fe3O4@EG_02). Bands at: (a) 682 cm-1, (b) 1358 cm-1 and (c) 
1591 cm-1. Respective optical images on top, with the scanned area marked in red. ......... 32 
Figure 3.6 - Magnetic nanocomposites FTIR spectra. ........................................................ 33 
Figure 3.7 - Magnetization curves as function of magnetic field for Fe3O4@EG_01 and 
Fe3O4@EG_02 composites. The right axis is displayed considering the estimated mass 
percentage of Fe3O4 using Fe mass and stoichiometric magnetite...................................... 35 
Figure 3.8 - Pt, Ir, Pd, Ru and Rh removal efficiency of pH and sorbent material (1 mol 
dm-3 initial PGE concentration; 24 h contact time; 50 mg dm-3 sorbent material dose, T = 20 
ºC, 300 rpm stirring). Error bars for each element are presented. ....................................... 37 
Figure 3.9 - Ir, Pd, Pt, Rh and Ru removal efficiencies at pH 7, for 50 mg dm-3 and 100 mg 
dm-3 of Fe3O4@EG_02 nanocomposite (1 mol dm-3 initial PGE concentration; 24 h contact 
time, T = 20 ºC, 300 rpm stirring). Error bars for each element are presented. .................. 40 
 
 ix 
Figure 3.10 - Normalized concentration of Ir, Pd, Pt, Rh and Ru as function of time, 
𝑐𝐴𝑐𝐴, 0 = 𝑓𝑡, for a) 50 mg dm-3 and b) 100 mg dm-3 Fe3O4@EG_02 nanocomposite dose (1 
mol dm-3 initial PGE concentration, pH = 7, T = 20 ºC, 300 rpm stirring). Error bars were 
omitted for better clarity. ..................................................................................................... 42 
Figure 3.11 - Experimental data and fitted kinetic models (pseudo-first order, pseudo-second 
order and Elovich model)  for Pd – i) and ii), Ru – iii) and vi), and Rh – v) and vi), with a 
Fe3O4@EG_02 sorbent dose of 50 and 100 mg dm-3, respectively (1 mol dm-3 initial PGE 
concentration, pH = 7, T = 20ºC, 300 rpm stirring). Error bars were omitted for better clarity.
 ............................................................................................................................................. 45 
Figure 3.12 - Experimental data and fitted Freundlich isotherm modeling for a) Pd, b) Ru 
and c) Rh (1 mol dm-3 initial PGE concentration, pH = 7, T = 20 ºC, 300 rpm stirring). . 48 
Figure A.1 - Experimental procedure used for sorption extraction, using magnetic sorbents.
 ............................................................................................................................................. 61 
  
 x 
List of tables 
Table 1.1 - Main properties of PGE [13], [14]. ..................................................................... 2 
Table 1.2 - Comparison of experimental parameters PGE sorption studies from the literature.
 ............................................................................................................................................. 12 
Table 2.1 - Spring water chemical composition (analysis according to report no. 20654-13 
from 06-08-2013 by IST). ................................................................................................... 18 
Table 2.2 - Expressions of sorption isotherm models, commonly applied in precious metals 
sorption on magnetic sorbents. ............................................................................................ 24 
Table 3.1 - Optimized kinetic parameters for fitted kinetic models (pseudo-first order, 
pseudo-second order and Elovich model) for Pd, Rh and Ru with a Fe3O4@EG_02 sorbent 
dose of 50 and 100 mg dm-3. The parameters denoted by qAe,exp and qAe are the experimental 
and the calculated value from each kinetic model for each element’s solid loading, 
respectively.......................................................................................................................... 46 
Table 3.2 - Optimized parameters for fitted Freundlich isotherm model for Pd, Rh and Ru 
removal with Fe3O4@EG_02 nanocomposite. .................................................................... 49 
 
 
  
 xi 
Abbreviations 
𝑎𝑅 Redlich-Peterson model constant 
𝐴 Temkin isotherm model parameter 
𝐵 Temkin isotherm model parameter 
BP Boiling Point (ºC) 
𝑐𝐴 Metal concentration (mol dm
-3) 
𝑐𝐴𝑒 Equilibrium metal concentration (mol dm
-3) 
𝑐𝐴,0 Initial metal concentration (mol dm-3) 
𝑐𝐴,24ℎ Metal concentration after 24 h of contact (mol dm-3) 
DMF N,N-dimethylformamide 
E Dubinin-Radushkevich mean adsorption energy 
𝐸𝑎 Activation energy (J) 
EG Exfoliated graphite 
Fe3O4 Magnetite 
Fe3O4 NPs Magnetite nanoparticles 
Fe3O4@EG Magnetite-exfoliated graphite nanocomposite 
Fe3O4@EG_01 Magnetite-exfoliated graphite nanocomposite (44 % magnetite) 
Fe3O4@EG_02 Magnetite-exfoliated graphite nanocomposite (83 % magnetite) 
FTIR Fourier transform infrared 
𝐾 Number of parameters fitted by regression 
𝑘𝑎𝑑  Adsorption rate constant 
𝐾𝐹 Freundlich equilibrium constant (L
1/n mol1-1/n g-1) 
𝐾𝐻𝐸 Henry equilibrium constant (mol g
-1) 
𝐾𝐿 Langmuir equilibrium constant (mol g
-1) 
𝐾𝐿𝐹 
Langmuir-Freundlich equilibrium constant for heterogeneous 
solid 
𝐾𝑅 Redlich-Peterson equilibrium constant 
𝐾𝑇 Toth equilibrium constant (mol g
-1) 
𝑘1 First-order adsorption rate constant (h
-1) 
𝑘2 Second-order adsorption rate constant (mg mol
-1 h-1) 
𝑚 Toth constant 
 xii 
M Sorbate 
𝑚𝑎𝑑𝑠 Sorbent mass 
MLF Langmuir-Freundlich heterogeneous parameter 
MP Melting Point (ºC)  
MS Concentration of sorbate over sorbent surface 
𝑛 Freundlich constant 
NPs Nanoparticles 
PFO Pseudo-first order kinetic model 
PGE Platinum group elements 
PGM Platinum group metals 
PSO Pseudo-second order kinetic model 
PXRD Powder X-ray diffraction 
PZC Point zero charge 
𝑞𝐴 Amount of sorbed metal at time t (mol g
-1) 
𝑞𝐴𝑒 Amount of sorbed metal at equilibrium (mol g
-1) 
𝑞𝐴𝑒,𝑐𝑎𝑙𝑐 Calculated amount of sorbed metal at equilibrium (mol g-1) 
𝑞𝐴𝑒,𝑒𝑥𝑝 Experimental amount of sorbed metal at equilibrium (mol g-1) 
𝑞𝐴𝑚𝑎𝑥 Maximum amount of sorbed metal at equilibrium (mol g
-1) 
𝑞𝑖 𝑐𝑎𝑙𝑐  Calculated amount of sorbed metal at time t (mol g
-1) 
𝑞𝑖 𝑒𝑥𝑝  Experimental amount of sorbed metal at time t (mol g-1) 
𝑞𝑀𝐿𝐹 Langmuir-Freundlich maximum capacity (mol g
-1) 
𝑅 Ideal gas constant (J mol-1 K-1) 
rpm Revolutions per minute 
S Sorption sites 
SPE Solid-phase extraction 
𝑆𝑆𝐸 Sum of squared errors 
𝑆𝑦.𝑥 Standard deviation of the residuals 
𝑡 Time (h) 
𝑇 Temperature 
TEM Transmission electron microscopy 
𝑉 Volume of metal ion solution (mL) 
 xiii 
XRD X-ray diffraction 
 
Greek letters 
 
𝛼 Initial adsorption rate (mol h-1 mg-1) 
𝛽 Adsorption constant in Elovich equation (mg mol-1) 
𝛾 Redlich-Peterson isotherm exponent 
𝜀 Polanyi potential 
 
 1 
1 Introduction 
1.1 Platinum Group Elements 
The Platinum Group Elements (PGE) are six rare metals, ruthenium (Ru), osmium 
(Os), rhodium (Rh), iridium (Ir), palladium (Pd) and platinum (Pt) (Figure 1.1). They are 
considered precious metals when grouped with gold or silver, and have a high economic 
value [1], [2]. These transition metals are concentrated in Earth’s core and mantle, but are 
among the rarest elements in the upper continental crust [3], [4]. These elements have similar 
physical and chemical properties and occur together in nature [5]. 
Since 1970, the worldwide production of these metallic elements had increased, and 
nowadays they have an important role, because they’re used in catalysts (in vehicle exhausts 
and chemical industry), jewelry, electronics and metallic alloys [3], [6]. PGE are essential 
for important industrial applications but due to their low abundance at Earth crust, they are 
mined in only a limited number of places [7]. Due to their scarcity, complexity of the 
exploration and purification processes, high value, increasing worldwide demand and 
growing environmental concern, their recovery from leaching and waste solutions has 
become an important issue [8].  
 
 
 
Figure 1.1 - Platinum Group Elements in the periodic table [9]. 
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1.1.1 Physical and chemical properties 
The Platinum group elements as pure metals, have a silverfish and shiny look, with 
solid structures typically metallic. All PGE exhibit high electronegativity and high 
polarizability, and usually tend to form soft ligands in extremely oxidant environments [10]. 
These metals have many useful properties such as ability to catalyze chemical reactions, 
resistance to corrosion, visual appeal, easy-handled, and high conductivity, density and 
melting point [11]. 
 
Platinum, iridium and osmium are the densest known metals, being significantly 
denser than gold [12]. Ruthenium and osmium react easily in the presence of oxidant agents, 
and both metals can be dissolved to form ruthenates and osmathes, which are very stable at 
atmospheric conditions. Rhodium and iridium have high hardness and react slowly in 
presence of oxygen and halogens at red-heat point and do not react with acids. Palladium 
and platinum are malleable and ductile metals and can be easily worked. Both, can be finely 
divided, which allows high catalytic activity, when applied as catalysts. These metals do not 
react with acids, are stable at aqueous solutions and at oxidation states +2 and +4 [13]. At 
high temperatures, they exhibit high resistance to corrosion and good mechanical properties 
[12]. 
 
Table 1.1 - Main properties of PGE [13], [14]. 
Element Ru Os Rh Ir Pd Pt 
Atomic No. 44 76 45 77 46 78 
Atomic 
weight/ 
g mol-1 
101.07 190.23 102.90550 192.217 106.42 195.078 
Electronic 
configuration 
[Kr] 4d7 
5s1 
[Xe] 4f14 
5d6 6s2 
[Kr] 4d8 
5s1 
[Xe] 4f14 
5d7 6s2 
[Kr] 4d10 [Xe] 4f14 
5d9 6s1 
Oxidation 
state 
(principal) 
+3, +4 +4 +3 +4 +2 +2, +4 
Atomic 
radius 
(angstrom) 
1.325 1.377 1.345 1.357 1.376 1.377 
MP/ºC 2282 3045 1960 2443 1552 1769 
BP/ºC 4050 5025 3760 4550 2940 4170 
Density  
(@20 ºC)/ 
g cm-3 
12.37 22.59 12.39 22.56 11.99 21.45 
 3 
These elements can be divided in two categories: the ‘heavy’ elements (Os, Ir, Pt) and 
‘light’ elements (Ru, Rh, Pd), due to its electronic structure. Despite the similarities between 
all PGE, small differences in atomic sizes of heavy elements are explained by the full 
occupation of the 4f14 electron orbital [14]. 
 
1.1.2 Supply, demand and applications 
Platinum group elements are amongst the elements that comprise less than 2 % of 
Earth’s crust [15]. At operating mines, the concentration range is usually between 5 to 15 
ppm [5]. Their occurrence is dated to the periods of geological activity, when magma, rich 
in metals (e.g. PGE), penetrated the Earth’s crust and solidified. These regions, form today 
some of the world’s most important deposits. As PGE have similar properties to iron, nickel, 
copper and cobalt, they are usually found together and are naturally concentrated in 
magmatic deposits as result of volcanic processes [4], [15]. 
Nearly, half total known of PGE reserves contain nickel-copper sulphides, and further 
40 % are chromite ores, containing nickel-copper sulphides [15]. Cumulative world mined 
supply by 2015, was approximately 16.120 tons and almost half of the production was from 
South Africa, one third from Ural Mountains (Russia), and almost the rest from Canada, 
USA and Zimbabwe [4], [5], [7]. 
The production dominance taken essentially by two countries (Figure 1.2) is a key 
factor for PGE being considered critical metals (south African Bushveld complex produce 
especially Pt and Rh and Russia is the major Pd producer [4], [16], [17]). 
 
Figure 1.2 - Worldwide production between 1960 and 2011, per country and quantity (tons) [7]. 
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All PGE are isolated from platinum concentrates. Classic separation methods include 
selective precipitation, however solvent extraction and ion exchange methods are also 
widely studied. Nowadays, recycling practices are determinant for balancing the overall 
supply of Platinum group metals (PGM) worldwide, where spent automobile catalytic 
converters are the main secondary source of PGM, recycled by the metallurgical industry 
through the use of pyro and/or hydrometallurgical methods [18], [19]. 
The excellent chemical and physical properties (high melting points, electrical 
conductivity/resistance, catalytic activity and resistance to chemical attack) make PGE 
suitable for a variety of different applications (Figure 1.3) and propelled a huge demand [8], 
[15]. The consumptions of palladium and platinum are similar, whereas those for rhodium, 
ruthenium and iridium are considerably lower [11]. 
 
 
Figure 1.3 - Main uses of PGE [6]. 
 
Ruthenium is used mostly as titanium anodes coating for electrolytic Cl2 production 
and for electrical applications (resistors manufacture). More recent developments include its 
use as catalyst for ammonia production and hard disk drive manufacture [12], [13], [15]. 
Osmium is used in dental applications as gold alloys hardening agent [13], and highly 
specialized applications include laboratory reagents [15]. 
Rhodium is used as catalyst, especially in automobile industry, in phosphine 
complexes and in hydrogenation and hydroformylation processes.  
Iridium is used in process catalysts and in spark plug tips. Iridium coated anodes are 
used in chloroalkyl industry as well as catalyst in acetic acid production. Small amounts of 
these metal are used in special high temperature alloys [12], [13], [15]. 
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Palladium has shown the highest growth. Its major use is in electronic components 
manufacture. It is also used in automobile catalysts for emission control and dental 
applications. At minor scale, it is used as catalyst for hydrogenation and dehydrogenation 
reactions and in jewelry alloys. 
Platinum is commonly used in jewelry and in glass and petroleum industries, due to 
its high catalytic activity [13]. It is also used as an investment product [15]. 
In the upcoming years, considerable growth of demand for platinum and palladium is 
anticipated, due to their use in fuel cell sector, powering cars, houses and portable electrical 
equipment. 
 
1.1.3 Industrial processes to obtain PGE 
There are different process routes, depending on the type of PGE deposits. When 
extensive deposits are available, these metals can be extracted from primary resources [20].  
The PGE extraction, concentration and refining process require complex, costly and 
energy-intensive processes. For PGE dominant mines, the rich PGE ore can be extracted by 
underground mining or in open pit mining operation. After, rocks are milled and divided into 
fine particles. A wet chemical treatment known as froth flotation1 produces a PGE 
concentrate which upgrade PGE from 3 ppm to 240 ppm. Afterwards, the previously 
obtained concentrate is dried and undergoes concentration processes known as smelting and 
conversion2, and PGE are upgraded to 6000 ppm. Then, base metals (Ni, Cu, Co, etc.) are 
refined by magnetic concentration or by leaching, producing a very rich PGM concentrate 
(upgraded to 60-65 %). Finally PGE are enriched to a high level of purity (99,9 %+) using a 
combination of solvent selective extraction distillation and ion-exchange techniques        
[10]–[12], [21]. 
Platinum group elements can also be recovered from spent materials (mainly, used 
industry and automobile catalysts), by the employment of  pyro and/or hydrometallurgical 
processes that includes crushing, batching, granulation, smelting and several separation steps 
[22], [23]. The high price of Pt, Pd and Rh make their recover from used catalysts profitable. 
                                                      
1 Process where water is added to the powdered ore to produce a suspension and air is blown upward through 
the tanks. Added chemicals to the mix make minerals water-repellent, being collected in the surface froth and 
removed as metal concentrate [12]. 
2 In the smelting process an immiscible sulfide matte containing the PGM separates. The matte smelting takes 
place in electric furnaces at temperate of about 1350 ºC. Conversion is performed to remove dissolved iron and 
sulfur [16]. 
 6 
1.1.4 Environment emissions, exposure risks and health effects 
Platinum group elements can be emitted into the environment in various ways by 
anthropogenic activities. Among the main sources are exhaust gases from automobile 
catalysts, mining operations and metal production, and medical applications (platinum-
containing drugs for cancer treatment) [3]. 
The exposure to PGE can result in bioaccumulation to fauna and flora. Human 
exposure occurs mainly due to inhalation of fine PGE-containing particles, skin contact and 
dietary intake. For instance, adults from large cities with dense traffic demonstrate higher 
urine Pt and Rh concentrations, than adults from smaller towns [3]. However, health hazards 
specifically related to PGE affects only individuals occupationally exposed to manmade 
PGM compounds, such as workers in precious-metal refineries [7]. 
The PGE in the elemental state have low toxicities and are unreactive but these metals 
may be transformed into allergenic or even cytotoxic species, such as halogenated PGE 
complexes, which may cause severe cellular damages. Mutagenic effects in bacteria and 
mammal cells, and high tumor incidence by exposure to chlorinated compounds (𝑃𝑑𝐶𝑙2 and 
𝑅ℎ𝐶𝑙3) were reported, however, due to low concentrations, medical complications are 
minimal [3], [24], [25]. 
 
1.2 Recuperation techniques of Platinum group elements 
Due to low concentrations of PGE in environmental and wastewater samples, their 
quantification requires the application of analytical techniques and a preconcentration 
process is usually required. Various methods such as adsorption, precipitation, ion exchange, 
oxidation processes and many others have been proposed to remove these elements from 
aqueous solutions [26], [27]. 
 
1.2.1 Liquid-Liquid extraction 
This separation process relies on the desired metal being selectively extracted from an 
aqueous phase by an immiscible organic solvent. This method can be applied as a separation 
and preconcentration process. Because PGE form complexes very easily with organic 
complexing agents, the application of liquid-liquid extraction is possible. Depending on the 
element, complexes can be after removed by precipitation or ion exchange. The chloride 
system provides the most effective operating medium for PGE (hydrochloric acid solutions) 
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[28]–[31]. Among the most frequently used solvents are methyl-isobutyl ketone and tributyl 
phosphate [32], [33]. Also novel amide derivatives were synthesized to improve selective 
and efficient recovery of PGM from chloride solutions [34]. 
 
1.2.2 Precipitation 
Precipitation as one of the earliest separation techniques was applied in single elements 
isolation or groups of elements from metal mixtures. Usually, in a first step, solvent 
extraction is applied and after, the PGE are recovered from the organic solvent by 
precipitation, via an aqueous solvent [35]. Precious metals are also preconcentrated and 
separated from base metals using reductive coprecipitation [30], [31]. Depending on the 
sample type, proper precipitating agents should be chosen for each case. Commonly used 
precipitation agents are solutions of Te, Se, As or Cu salts, mercury nitrate or thiourea and 
thioacetamide [31]. 
 
1.2.3 Electrochemical techniques 
The application of electrochemical techniques in environmental remediation works is 
increasing due to its versatility. One example is the recovery of heavy metals from aqueous 
solutions [36]. The basic principle of electrochemical techniques is to convert one chemical 
parameter of a medium into an electrical parameter by an appropriate device, usually an 
electrode or an electrode pair, and then to measure this electrical parameter using an 
instrument. In the process, analyte ions are separated from the sample matrix and deposited 
on the electrode, requiring liquid phase samples [31]. This technique is used in an stage of 
an industrial recovery process of PGE, however electro-precipitation has found a limited 
application as a separation technique for these elements [12], [31]. 
 
1.2.4 Sorption 
1.2.4.1 Ion exchange 
Ion exchange is a powerful tool to recover from very diluted solutions, small amounts 
of metal ions, selectively [37], [38]. The use of resins makes possible to concentrate diluted 
solutions, economically, that can be subjected to refining procedures to recover the target 
metal. Anionic or cationic exchange resins can be applied, however regarding the low 
concentration of Pt and Pd in environmental samples, the anionic exchanger appear to be 
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preferable and have better selectivity [31]. Gel-type resins (anionic polymeric resin) have 
proven useful in PGM recovery from waste streams when the elements are present as 
chlorides. After resin loading process, regeneration can be accomplished [23]. Although this 
technique allows the efficient recovery of metallic ions, is not cost effective [27]. 
 
1.2.4.2 Adsorption 
Adsorption is a phase transfer process that is widely used in substances removal from 
liquid or gas phases [39]. It involves the capture of a specie (adsorbate) over the surface of 
porous solid (adsorbent material) (Figure 1.4). Adsorption can be classified into two 
categories depending on the type of interaction between adsorbent and adsorbate: physical 
or chemical adsorption. Physical adsorption takes place when is a result of attractive forces, 
such as Van der Waals binding forces, between de adsorbent and the adsorbate molecules, 
while chemical adsorption occurs when a strong chemical bond takes place involving the 
transfer or sharing of electrons between adsorbent and adsorbate species [40]–[42]. 
 
Solid phase extraction (SPE) offers a high number of advantages including easy 
sample preparation, faster kinetics, better enrichment factors (leading to improved 
recoveries), enhanced phase separation and reduced solvent and energy costs. In this type of 
extraction, nanometer-sized particles show usually with high sorption capacities, when 
compared to traditional sorbents, due to their higher surface area-to-volume rate and a short 
diffusion route leading to superior extraction capacities, rapid extraction kinetics and better 
extraction efficiencies [8]. These adsorbent particles can be metals or metal oxides, 
ceramics, polymeric materials or composite materials [43]. 
In water treatment, adsorption is an efficient solute removal process, since molecules 
and/or ions are removed from the aqueous solution onto solid surfaces [39]. Adsorption is a 
powerful tool in water purification and industrial effluents treatment [44]. 
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Figure 1.4 - Schematic figure of adsorption process [39]. 
 
1.3 Graphene and related materials for water treatment 
Graphene (Figure 1.5) is a two-dimensional monoatomic thick building block of sp2-
bonded carbon [45]. It received worldwide attention due to its exceptional properties (charge 
transport, thermal, optical and mechanical properties) [46]. It can be used in numerous 
applications, such as electronic applications (sensors, transistors, electronics), composite 
materials, energy production, water purification and others [47].  
Due to its high specific surface area, tunable morphological features and surface 
functionality, controllable porosity, inherent hydrophobicity, chemical manipulation, facile 
processing via chemical route and good stability, graphene has been widely used to design 
sorbents to selectively remove pollutants via sorption [40]. Graphene shows higher sorption 
capacity in comparison to activated carbon [48], possessing a specific area of 2630 m2 g-1 
[43]. 
 
In addition to graphene, the use of other carbon nanostructures as sorbents is also 
promising due to their excellent physico-chemical properties, such as thermal resistance, 
chemical stability, rigidity and energy adsorption site. Different forms of carbon and/or 
carbon-based composites have been studied to improve sorption efficacy. Indeed, graphene 
based-nanomaterials show superior water purification applications compared with 
unmodified graphene, graphene oxide and reduced graphene oxide [8], [47], [49]. 
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Figure 1.5 - Some graphene nanomaterials used in adsorption processes [50]. 
 
The integration of magnetic nanoparticles (NPs) in graphene-based materials has 
recently become a hot research topic due to the combined functionalities that cannot be 
achieved by either component alone. The combined functionalities of the new composites 
give them a wide variety of applications for contaminants removal from water and 
wastewater [51]. These new magnetic composites display the SPE advantages and after 
containing the analytes, they can be collected by applying an external magnetic field, which 
allows a rapid isolation from aqueous solutions for further recycling or regeneration. The 
advantages of magnetic particles-based nanocomposites are essential in cost and required in 
water treatment [8], [52], [53]. 
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1.4 Removal of platinum group elements using sorption process 
The importance of PGE at the global level, makes that their recovery and recycling, 
vital steps in their life cycles. Some advances have been made in the recovery of these 
elements from waters and wastewaters. Table 1.2 summarizes some experimental conditions 
used for PGE removal using various sorbent materials. 
The most commonly studied elements in sorption experiments were Pt, Pd and Rh, 
while Ir is not usually considered. It is also noticed that pH effect was analyzed in the range 
1 - 12, however several sorption studies showed preference for acid PGE solutions. In 
removal essays, various sorbent materials were tested, from natural sorbent materials to 
recently fabricated synthetic sorbents. Despite the temperature indication, its effect on the 
PGE sorption phenomenon was not investigated in any study. Several matrix types were also 
analyzed: high ionic strength waters such as sea water, salt water and chloride solutions, and 
low ionic strength matrices such as distilled/ultrapure water. In the works where high ionic 
solutions were used, potentially interfering ions on the sorption process were also identified 
and their effect on the sorption process was investigated. 
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Table 1.2 - Comparison of experimental parameters PGE sorption studies from the literature. 
Article author 
Experimental conditions 
PGE Sorbent material pH range 
PGE concentration 
(µmol dm-3) 
Temperature 
(ºC) 
Matrix 
Cosden et al. [54] 
Pd 
Macroalga 
1 - 4 1.0; 5.0 
- Sea water 
Pt 5 - 12 0.5; 5.0  
Turner et al. [55] 
Pd 
River sediments - 
0.047 
20±2 River water Pt 0.026 
Rh 0.049 
Homchuen et al. [56] 
Pd 
Magnetite powder 
2 - 6.5 4.7  
25 Chloride solution Pt 1 - 12 2.6 
Rh 2 - 4 4.9 
Uheida et al. [57] Pd, Pt, Rh Magnetite powder 2.5 - 3.5 30; 41 22±1 Chloride solution 
Jalilian et al. [58] 
Pd Modified magnetic 
graphene oxide 
1 - 4 
18.8 
- Double distilled water 
Pt 10.3 
Vargas et al. [59] 
Pd 
Bacteria 2±0.1 (0 - 3) 
47 - 470 
25.6 - 256 
- Distilled water 
Pt 
Maes et al. [60] Pt Microbial 2.3 
513 28 Salt solution 
56.4 - Process stream 
Kabiri-Tadi et al. [61] Ru Clinoptilolite3 0.5 - 5 250 - Water 
Can et al. [62] Rh 
Pyrogallol 
Formaldehyde Resin 
4.5 972 - Ultra-pure water 
 
  
                                                      
3 Clinoptilolite is a natural zeolite [102]. 
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Table 1.2. - Comparison of experimental parameters from similar PGE sorption studies from the literature (cont.). 
Article author 
Experimental conditions 
PGE Sorbent material pH range 
PGE concentration 
(µmol dm-3) 
Temperature 
(ºC) 
Matrix 
Snyders et al. [63] 
Ir 
Activated carbon 9.5; 12 
0.01 
25 Cyanide leach solution 
Pd 3.57 
Pt 0.77 
Rh 0.10 
Ru 0.10 
Els et al. [64] 
Ir 
Ion exchange resin - 
220 
- 
Synthetic precious metals 
solution 
Pd 3970 
Pt 4332 
Rh 958 
Ru 1255 
Song et al. [65] Pt 
Magnetic polymer 
composite 
1.0 256 - 5126 - Chloride solution 
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1.5 Main objectives and outline of the thesis 
Keeping in mind that the Platinum group elements are widely used in several 
applications, have a high trading value due to their scarcity at the Earth’s crust, their demand 
is expecting to continuously grow, and their exploration and purification processes are 
complex and have environmental issues associated, it is mandatory to recycle and recover 
these rare elements from wastes and water streams. 
In this context, the main goal of this work is to contribute to the development of an 
efficient material to remove PGE from water, envisaging develop a future application in the 
recovery of these elements from industrial streams or aquatic systems. 
Knowing the benefits of the graphene-based materials and magnetite nanoparticles for 
water treatment application, the specific goals of this study are: 
▪ To synthesize and characterize magnetic graphene-based nanocomposites; 
▪ To evaluate the removal efficiency of the synthetized nanocomposites and their 
precursors toward Pt, Ru, Rh, Pd and Ir, for different pH values in spring water, a 
natural matrix; 
▪ To evaluate the effect of the sorbent dose and contact time; 
▪ To model the kinetic and equilibrium results using models described on literature. 
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2 Experimental 
2.1 Synthesis and characterization of magnetic graphene-based nanocomposites 
and their precursors 
All sorbent materials were synthetized on CICECO laboratories, using analytical grade 
reagents, applied without further purification. 
 
2.1.1 Exfoliated Graphite 
In the fabrication of exfoliated graphite (EG), 5 g of commercial graphite powder was 
sonicated (Sonics Vibra Cell Sonicator, VC70, 130W 20 kHz) in 100 mL of N,N-
dimethylformamide (DMF) for 5 h in an ice bath. After, EG was mechanically separated by 
centrifugation (500 rpm, 45 min, Hettich, model rotofix), and after filtered and washed with 
water and ethanol. It was finally dried at 40 ºC inside a drying oven (Binder, model FD 23). 
 
2.1.2 Magnetite nanoparticles 
Magnetite (Fe3O4) nanoparticles (NPs) were obtained by oxidative hydrolysis of 
FeSO4 in alkaline media, according to the procedure described by Schwertmann and Cornell 
(2000) [66]. The synthesis was initiated with the mixture of deoxygenated water (25 mL) 
and 1.899 g of KOH and 1.519 g of KNO3, that was then heated at 60 ºC under mechanical 
stirring (500 rpm, overhead stirrer, IKA) and with N2 bubbling. After complete salt 
dissolution, a volume of 25 mL of an aqueous solution containing FeSO4.7H2O (4.745 g) 
were added drop-by-drop to the alkaline solution with stirring velocity increasing to 700 rpm 
for 30 min. After reaction, the solution was kept, without stirring, in an N2 atmosphere at 90 
ºC for 4 h. The magnetic black precipitate was removed applying an external magnetic field, 
it was washed several times with water and ethanol, and dried at 40 ºC. 
 
2.1.3 Fe3O4@EG composites 
Two Fe3O4@EG magnetic nanocomposites (Fe3O4@EG_01 and Fe3O4@EG_02) 
were prepared following two different preparation routes.  
For the first composite, denoted by Fe3O4@EG_01, EG (100 mg) was dispersed in 
ultra-pure water (Milli-Q water), under sonication (Sonics Vibra Cell Sonicator VC70, 130 
W, 20 kHz) during 1 h. At the same time, Fe3O4 NPs were suspended in 0.1 HNO3 solution 
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(100 mL) and kept for 1 h. Afterwards, the obtained positive surface charge Fe3O4 NPs were 
added to the EG dispersion, kept under sonication for 1 h. The composite, was then collected 
using an external magnet, washed several times with water and ethanol, and dried at 40 ºC.  
For the preparation of the second composite, denoted by Fe3O4@EG_02, it was used 
an adaptation of the method used to synthetize the Fe3O4 NPs, i.e. the oxidative hydrolysis 
of FeSO4 in alkaline media. In this route, after the complete salt dissolution step, described 
in the section 2.1.2, 200 mg of EG were added to the FeSO4.7H2O aqueous solution. The 
remain steps were followed as previous described. The resulting composite was then 
collected using an external magnet, washed several times with water and ethanol, and dried 
at 40 ºC. 
 
2.1.4 Characterization of sorbents 
After synthesis, both nanocomposites and their precursors were characterized using 
the most common and widely used techniques [8]: 
▪ Powder X-ray diffraction (PXRD) data were obtained with a Phillips X’Pert MPD 
diffractometer using Cu-K radiation; 
▪ The total iron content in the composites was determined after a complete acid 
extraction step. For this determination, 5 to 35 mg of each nanocomposite was added 
to Teflon sealed vessels containing a volume of 10 mL of HCl solution (30 % v/v), 
kept for 2 h at 50 - 60 ºC for digestion. The resulting solutions were then putted into 
50 mL vials and the volume was adjusted with Milli-Q water. Three replicas and 
blanks for the digestion step of each composite analysis were performed for quality 
control purposes. The samples iron concentration was quantified by flame atomic 
absorption spectroscopy (Perkin Elmer, model AAnalyst 100); 
▪ Transmission electron microscopy (TEM) images were recorded by a 200 kV Hitachi 
H9100 Instrument; 
▪ Raman spectra were obtained using a combined Raman-AFM-SNOM confocal 
microscope (alpha 300 RAS+, WITec, Germany). As excitation source was used a 
Nd:YAG laser operating at 532 nm, and its power varied from 0.1 to 1 mW, in order 
not to damage/heat the sample. Raman imaging experiments were performed by 
raster-scanning the laser beam over the samples and accumulating the full Raman 
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spectra at each pixel. Raman images were constructed by integrating over specific 
Raman bands using WITec software for data evaluation and processing; 
▪ The Fourier transform infrared (FTIR) spectra of the samples in KBr pellets were 
recorded with a Mattson 7000 FTIR spectrometer; 
▪ Magnetic measurements were executed using Quantum Design MPMS3 SQUID-
VSM and were performed from 2 to 300 K (with an applied field of 100 Oe). The 
magnetization measurements as function of the applied field were done at 4, 300 and 
400 K. 
 
2.2 Sorption of platinum group elements 
2.2.1 Glass material cleaning procedure 
A careful cleaning procedure is very important in sorption essays, especially when the 
work concentrations of the analytes are low and mimic realistic environmental 
concentrations. An appropriate cleaning procedure avoids contaminations and solute losses 
that can affect the quantification measurements. 
The cleaning procedure adopted in this work included several steps: i. all glass material 
was washed with soap and distillate water; ii. after, it was filled with nitric acid 65 % (v/v) 
for at least 24 h, for glass walls inactivation and for the reduction of PGE sorption; iii. after, 
the material was rinsed with tap water, followed by distilled water, and finally dried at room 
temperature. 
 
2.2.2 Reagents and standard solutions 
All PGE working solutions were prepared with analytical range chemicals and a 
commercial spring water (Table 2.1). Standards solutions volumes (different volume for 
each element) were added to a 2 L volumetric flask for an initial element concentration of   
1 mol dm-3. Two solutions, 1 M NaOH and 1 M HCl, were also prepared for pH 
adjustments. 
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Table 2.1 - Spring water chemical composition (analysis according to report no. 20654-13 from 06-08-2013 
by IST). 
Dried residue at 180 ºC 50 mg dm-3 
pH at 24 ºC 6.21 
SiO2 18 mg dm-3 
Ca2+ 3.8 mg dm-3 
Na+ 6.6 mg dm-3 
Cl- 5.3 mg dm-3 
HCO3- 17.2 mg dm-3 
Total Mineralization 60 mg dm-3 
 
2.2.3 Effect of pH and sorbent comparison  
The pH effect on the sorption process of PGE by magnetic nanocomposites 
(Fe3O4@EG_01 and Fe3O4@EG_02) and their precursors (EG and Fe3O4 NPs) was studied 
carrying out batch sorption experiments for three pH values (5, 7 and 8), and using a solution 
with an initial concentration of 1 mol dm-3 in each element, prepared in natural spring 
water. The initial pH of the PGE solution was between 3.0 - 3.5, and for pH value adjustment, 
small volumes of 1 mol dm-3 NaOH solution were added under agitation, until the desired 
pH value was reached. After pH stabilization, 100 mL of the PGE solution were transferred 
to SCHOTT flasks containing ca. 5 mg of sorbent material (sorbent concentration of 50 mg 
dm-3). All experiments were done in duplicate (two flasks for each sorbent), and a control 
flask without sorbent was also prepared. To scatter the sorbent particles, the SCHOTT flasks 
were placed in an ultrasound bath for a few seconds, and then were placed in an incubator 
HWY-200D from Lan Technics under agitation of 300 rpm and at 20 ºC, for 24 h. After, the 
solid-liquid separation was carried out, using an external magnetic field for the magnetic 
sorbents (as shown in Figure 2.1), and by centrifugation in the case of exfoliated-graphite. 
For each sample, two aliquots (~10 mL) from initial solution (at time zero) and from each 
supernatant solution (after 24 h of contact) were taken and acidified with hydrochloric acid 
(37 %).  
The PGE concentration in the aqueous phase was determined by Inductively Coupled 
Plasma Optical Emission Spectrometry (ICP-OES) at Laboratório Central de Análises 
(LCA-UA).  
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Figure 2.1 - Magnetic nanocomposite isolation from PGE solution using a magnet. The left vial contains 
aqueous solution where sorbent is dispersed. In the right vial, sorbent material is isolated by the external 
magnetic field application. 
 
2.2.4 Effect of sorbent mass  
The effect of the amount of sorbent was evaluated carrying out batch sorption 
experiments as described previously, for pH 7 and using a solution with an initial 
concentration of 1 mol dm-3 in each element, prepared in natural spring water. The amount 
of sorbent used was 5 and 10 mg, in a volume of 100 mL (sorbent concentration of 50 and 
100 mg dm-3). 
 
2.2.5 Kinetic experiments 
The kinetics of the PGE removal process was studied for the nanocomposite 
Fe3O4@EG_02 and using two doses of sorbent (50 mg dm-3 and 100 mg dm-3). The initial 
concentration of each PGE was ca. 1 mol dm-3 and the solution pH was adjusted to 7. Batch 
experiments were carried as described previously, but for each dose, aliquots were collected 
at different sampling times (5, 10, 15, 30 min and 1, 2, 4, 8, 16, 24 and 96 hours). In parallel, 
a solution with no sorbent material was also prepared and samples were collected after 30 
min and 2, 8, 24 and 96 h.  
 
2.2.6 Equilibrium isotherms experiments 
To study the equilibrium, batch sorption experiments were carried out as described 
previously, using different doses of Fe3O4@EG_02 (2, 4, 8, 12, 16, 20, 30, 40 and 50 mg 
dm-3) which were placed in contact with the PGE solution (1 mol dm-3) at pH 7. 
Equilibrium essays were carried for 72 h at 20 ºC under agitation (300 rpm). 
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2.3 Sorption kinetics modelling 
Studies on sorption kinetics provide valuable understanding of the reaction pathways 
and information to establish the mechanism that govern sorption reactions. The experimental 
data obtained for the PGE (Ir, Pd, Pt, Rh and Ru) sorption kinetics was analyzed using three 
kinetic models, the pseudo-first order, the pseudo-second order and the Elovich model. 
 
For the process kinetics modeling, the amount of sorbed metal in the magnetic 
nanocomposite, 𝑞𝐴, was calculated according to the mass balance equation, Equation (1), 
where 𝑐𝐴,0 and 𝑐𝐴 are, respectively, initial metal concentration and metal concentration at 
each sampling time, 𝑉 is the volume of metal ion solution (100 mL) and 𝑚𝑎𝑑𝑠 is the 
Fe3O4@EG_02 sorbent mass in each sample [58]. 
𝑞𝐴 = (𝑐𝐴,0 − 𝑐𝐴)
𝑉
𝑚𝑎𝑑𝑠
 (1) 
 
2.3.1 Pseudo-first order model 
The pseudo-first order (PFO) equation was proposed by Largergren in 1898, and 
suggest a rate equation for the sorption of solutes from a liquid solution [67]. This model has 
been argued to be valid for long sorption times when the system is near equilibrium and is 
suitable for lower concentrations of the solute [42], [68].  
The PFO model is described by the non-reversible Equation (2). 
S + M → MS (2) 
where S are the sorption sites, M is the sorbate and MS is the concentration of sorbate over 
sorbent surface. 
This kinetic model rests on five assumptions [69]: 
1. Sorption only occurs on localized sites and involves no interaction between the sorbed 
ions; 
2. The energy of sorption is not dependent on surface coverage; 
3. Maximum sorption corresponds to a saturated monolayer of sorbate over the sorbent; 
4. The concentration of the sorbate is constant; 
5. The metal ion uptake on the sorbent is governed by a first-order rate equation. 
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The PFO rate equation is given by the Equation (3) where 𝑞A and 𝑞Ae (mol g
-1) are 
the amount of solute sorbed per amount of sorbent at any time t and at equilibrium, and k1 
(h-1)  is the first-order adsorption rate constant [70]. 
𝑑𝑞𝐴
𝑑𝑡
= 𝑘1(𝑞𝐴𝑒 − 𝑞𝐴) (3) 
Integrating Equation (3) for boundary conditions 𝑡 = 0 to 𝑡 = 𝑡 and 𝑞𝐴 = 0 to 𝑞A = 𝑞A, 
gives [68]: 
𝑞A = 𝑞𝐴𝑒(1 + 𝑒
−𝑘1𝑡) (4) 
The value of k1 depends on the initial concentration of the sorbate, that varies from 
one system to another, and it usually decreases with the increasing of initial sorbate bulk 
concentration [71]. 
 
2.3.2 Pseudo-second order model 
The sorption kinetics can also be analyzed by the pseudo-second order (PSO) model. 
The application of this equation may include systems of different sorbates (metals, dyes, 
phenols, etc.) and sorbents (inorganic minerals, activated carbons, raw biomass, etc.). 
Several works, highlight that most environmental kinetic sorption can be modelled by PSO 
[42], [72].  
 
The kinetics of metal ion removal is described in Equation (5), by the PSO model [69]. 
2𝑆 + 𝑀 → 𝑀(𝑆)2 (5) 
This model assumes that the uptake rate is second order with respect to the available surface 
sites and the rate law is expressed as shown in the Equation (6), where 𝑞A and 𝑞Ae             
(mol g-1) are the amount of solute sorbed per amount of sorbent at any time t and at 
equilibrium, and k2 (g mol-1 h-1)  is the PSO rate constant [70], [73]. 
𝑑𝑞𝐴
𝑑𝑡
= 𝑘2(𝑞𝐴𝑒 − 𝑞𝐴)
2 (6) 
Integrating Equation (6) for boundary conditions 𝑡 = 0 to 𝑡 = 𝑡 and 𝑞A = 0 to 𝑞A = 𝑞A, 
gives [74]: 
𝑞𝐴 =
𝑞𝐴𝑒
2  𝑘2 𝑡
1 + 𝑞𝐴𝑒
  𝑘2 𝑡
 (7) 
The k2 value often depends on experimental operating conditions, i.e. initial metal 
concentration, solution pH, temperature and agitation rate [71]. 
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2.3.3 Elovich’s model 
The Elovich equation is applicable in chemical sorption processes and is suitable for 
systems with heterogeneous sorbing surfaces [68], [75]. The kinetics of metal ion removal 
described by this model is given by the Equation (8) [69]. 
𝑆 + 𝑀 → 𝑀𝑆 (8) 
This model takes in account that: 
1. Sorption only occurs on localized sites and there is interaction between sorbed ions; 
2. The sorption energy increases linearly with the surface coverage, according to the law of 
Equation (9). 
𝐸𝑎 = 𝐸𝑎0 + 𝑅𝑇𝛽𝑄 (9) 
where 𝐸𝑎 (J) is the activation energy for the sorption reaction, 𝑅 (J mol
-1 K-1) is the ideal gas 
constant, 𝑇 (K) is the temperature, 𝛽 is a constant proportional to the liquid molar volume 
and 𝑞𝐴 (mol g
-1) is the solid loading at instant t. 
Then, using the Arrhenius equation, the adsorption rate constant kad is given by: 
𝑘𝑎𝑑 = 𝑐𝑡𝑒 ∙  𝑒
−
𝐸𝑎
𝑅𝑇 = 𝛼´𝑒−𝛽𝑄 (10) 
where, 
𝛼´ = 𝑐𝑡𝑒 ∙  𝑒−
𝐸𝑎0
𝑅𝑇 (11) 
Then, considering: 
3. The concentration of M is considered to be constant; 
4. The metal ion uptake on the sorbent is negligible before the experiment (equivalent to a 
metal uptake governed by zero order rate equation). 
The Elovich sorption rate can be written according to Equation (12) [71], [76]. 
𝑑𝑞𝐴
𝑑𝑡
= 𝛼e−𝛽𝑞𝐴 (12) 
where Elovich coeficients,  (mol h-1 g-1) and  (g mol-1), represent respectively, the initial 
adsorption rate and the desorption coefficient rate. 
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Integrating Equation (12) for boundary conditions 𝑡 = 0 to 𝑡 = 𝑡 and 𝑞𝐴 = 0 to 𝑞𝐴 =
𝑞𝐴, gives: 
𝑞𝐴 =
1
𝛽
ln(1 + 𝛼𝛽𝑡) (13) 
 
2.4 Equilibrium isotherm modelling 
Sorption isotherms are crucial for the optimization of mechanism pathways, 
description of surface properties and effective design of the sorption systems [77].   
According to the report of Foo et al. (2010) [77], a sorption isotherm is an invaluable 
curve describing the phenomenon governing the retention or release from the aquatic 
environment to a solid-phase sorbent at a constant temperature and pH. The sorption 
equilibrium is reached when the sorbate has been contacted with the sorbent for sufficient 
time, with its sorbate concentration in the bulk aqueous solution is in dynamic balance with 
the interface concentration. 
Number of equilibrium isotherm models (Table 2.2) have been formulated and 
reported in literature, and amongst these models, Langmuir and Freundlich have been widely 
applied to determine the sorption behavior of precious metals. Other reported models include 
Linear, Dubinin-Radushkevich, Temkin, Toth, Langmuir-Freundlich, Redlich-Peterson 
isotherms [8], [78].  
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Table 2.2 - Expressions of sorption isotherm models, commonly applied in precious metals sorption on 
magnetic sorbents. 
Isotherm 
model 
Number of 
parameters 
Equation 
𝑞𝐴𝑒 = 𝑓(𝑐𝐴𝑒) 
Adjustable 
model 
parameters 
Linear 
(Henry) 
[78] 
1 𝑞𝐴𝑒 = 𝐾𝐻𝐸  𝑐𝐴𝑒 𝐾𝐻𝐸 
Langmuir 
[79] 
2 
𝑞𝐴𝑒 =
𝑞𝐴𝑚𝑎𝑥 𝐾𝐿  𝑐𝐴𝑒
1 + 𝐾𝐿  𝑐𝐴𝑒
 𝑞𝐴𝑚𝑎𝑥, 𝐾𝐿 
Freundlich 
[80] 
𝑞𝐴𝑒 = 𝐾𝐹 𝑐𝐴,𝑒
1 𝑛⁄
 𝐾𝐹, 1 𝑛⁄  
Dubinin-
Radushkevich 
[81]–[83] 
𝑞𝐴𝑒 = 𝑞𝐴𝑚𝑎𝑥 𝑒𝑥𝑝 (
𝜀2
−2𝐸2
) 
𝜀 = 𝑅𝑇 ln (1 +
1
𝑐𝐴𝑒
) 
𝑞𝐴𝑚𝑎𝑥, 𝐸 
Temkin 
[68], [84] 
𝑞𝐴𝑒 = 𝐵 ln 𝐴 + 𝐵 ln 𝑐𝐴𝑒 𝐵, 𝐴 
Langmuir-
Freundlich 
[78] 
3 
𝑞𝐴𝑒 =
𝑞𝑀𝐿𝐹 (𝐾𝐿𝐹 𝑐𝐴𝑒)
𝑀𝐿𝐹
1 + (𝐾𝐿𝐹 𝑐𝐴𝑒)𝑀𝐿𝐹
 
𝑞𝑀𝐿𝐹, 
𝐾𝐿𝐹, 𝑀𝐿𝐹 
Toth 
[85] 
𝑞𝐴𝑒 =
𝑞𝐴𝑚𝑎𝑥 𝑐𝐴𝑒
(𝐾𝑇 + 𝑐𝐴𝑒𝑚)1 𝑚
⁄
 
𝑞𝐴𝑚𝑎𝑥, 𝐾𝑇, 
𝑚 
Redlich-
Peterson 
[86], [87] 
𝑞𝐴𝑒 =
𝐾𝑅 𝑐𝐴𝑒
1 + 𝑎𝑅 𝑐𝐴𝑒
𝛾  𝐾𝑅, 𝑎𝑅, 𝛾 
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2.5 Fitting the models to the experimental data 
The parameters of the kinetic and equilibrium models were obtained by nonlinear 
regression analysis, adjusting the variables. To assess the goodness of the fittings, the 
coefficient of determination (R2), the standard deviation of the residuals (Equation (14)) and 
the sum of squared errors (Equation (15)) were analyzed [77]. 
 
𝑆𝑦.𝑥 = √
∑(𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙2)
𝑓 − 𝐾
 (14) 
 
𝑆𝑆𝐸 = ∑(𝑞𝑖 𝑐𝑎𝑙𝑐 − 𝑞𝑖 𝑒𝑥𝑝)
2
(15) 
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3 Results and discussion 
3.1 Characterization of magnetic nanocomposites and their precursors 
The chemical and physical properties of sorbents define their usage in environmental, 
analytical, chemical and metal extraction applications. These properties are highly 
dependent on features as particle size, morphology, crystal structure and the surface 
functional groups.  
 
3.1.1 Powder X-ray diffraction analysis 
X-ray diffraction (XRD) has several applications in the field of materials science, in 
particular qualitative and quantitative phase analysis, investigation of crystallographic 
textures and residual stress measurements [88]. This type of measure was carried for phase 
structure investigation in different materials. 
The EG diffraction pattern exhibit a narrow peak (002) with very high intensity (2 = 
26.56º, corresponding to the interlayer distance d = 0.34 nm), which is characteristic of 
graphite. The decrease in the thickness of EG in comparison to its precursor was suggested 
by the broadened graphitic peak (Figure 3.1 a). According to Scherrer equation, the EG 
flakes have 22 nm thick on average, while for graphite flakes have 36 nm. In the Fe3O4 NPs 
diffractogram (Figure 3.1 b), the peaks at 2 values of 18.19º, 30.00, 35.39, 36.99, 43.06, 
53.43, 56.98, 62.54, 73.99 and 89.67 can be respectively assigned to (111), (220), (311), 
(222), (400), (422), (511), (440), (533) and (731) Bragg's reflections.  
Figure 3.1 c displays the XRD patterns of the nanocomposites, which indicate the 
incorporation of Fe3O4 NPs over EG surface for both composites. The characteristic peaks 
of graphite and Fe3O4 remained unchanged in both nanocomposites, however, the relative 
intensity between them is different. The intensity of the magnetite peaks in the composite 
Fe3O4@EG_01 is lower than in the composite Fe3O4@EG_02, which suggest a lower Fe3O4 
NPs content. This result was confirmed by the chemical analysis of the composites. 
According with the total Fe determination, the Fe content in the composites 1 and 2 is 32 
and 60% (corresponding to 44% and 83% Fe3O4 content), respectively. 
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Figure 3.1 - XRD patterns for (a) Graphite and EG, (b) EG and Fe3O4 NPs and (c) Fe3O4@EG_01 and 
Fe3O4@EG_02. 
 
3.1.2 Transmission electron spectroscopy 
Transmission electron spectroscopy (TEM) allows imperfection and material internal 
phases analysis, as packing errors and small particles and the examination of the surface 
groups of the synthetized materials [89], [90]. This technique was used to observe the 
existence and morphology of precursors and composites. The pictures suggest that graphite 
was exfoliated in EG (Figure 3.2 b-c), Fe3O4 NPs have spherical shape with particle size 
below 100 nm and are aggregated into larger particles (Figure 3.2 d). Images also suggests 
the efficiency of Fe3O4 NPs deposition in the nanocomposites preparation (Figure 3.2 d-e), 
where magnetic nanoparticles appear as dark dots (diameter < 100 nm) on a lighter substrate 
(EG). The comparison between the two composites can also allow to see a higher density of 
Fe3O4 NPs in the Fe3O4@EG_02 nanocomposite. 
Graphite 
EG 
EG 
Fe3O4 NPs 
Fe3O4@EG_02 
Fe3O4@EG_01 
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Figure 3.2 - TEM imagens of graphite (a), EG (b and c), Fe3O4 NPs (d), Fe3O4@EG_01 (e) and 
Fe3O4@EG_02 (f) nanocomposites. 
 
3.1.3 Raman spectroscopy 
The composites and precursors were characterized by Raman spectroscopy, which is 
a non-destructive technique based on inelastic scattering of monochromatic light, usually 
from a laser source and can be used to study solid, liquid and gaseous samples [91]. Due to 
sensitivity to geometric structures can be used in the study of allotropes of carbon. In Figure 
3.3 is shown the Raman spectra of graphite and EG. Both spectra display the characteristic 
bands of graphitic materials, the G and 2D bands. The G band appears at 1580 cm-1 and is 
assigned to the first-order scattering of the E2g mode of C-sp2 atoms in the 2D hexagonal 
lattice [89]. The 2D band, usually appearing in all kinds of sp2 carbon materials spectra 
between 2500 and 2800 cm-1, results from a second-order two-phonon process. This mode 
is related to the crystalline structure and stacking order, can be also associated to the number 
of graphene layers [92], [93]. Only in the EG spectrum, it is possible to see the D mode that 
is induced by structural disorders, in this case, defects and impurities in the carbon lattice 
corresponding to vibration of A1g-symmetry mode of sp3 carbon atoms, introduced by the 
ultrasonic treatment. 
 
a b c 
d e f
e 
500 nm 500 nm 500 nm 
100 nm 100 nm 100 nm 
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Figure 3.3 - Raman spectra of graphite and EG. Spectra collected with 532 nm excitation laser 
wavelength (1 mW 0.5 s and 100 aq). 
 
The spectra of composites (Figure 3.4) were collected at 532 nm wavelength with 
lower laser power (0.1 mW). The spectra of both composites display four main peaks that 
are related to the carbon and magnetite materials peaks. Both spectra keep the signature of 
graphitic sp2 carbon materials, together with the D band associated with the structural defects 
in the carbon lattice, as previously seen. A peak at 670 cm-1 was also observed, which is 
ascribed to magnetite nanoparticles [94]. The higher intensity of this peak in the 
Fe3O4@EG_02 spectrum, relatively to the other composite, is related to the different 
percentage of magnetite in the composites. 
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Figure 3.4 - Composites Raman spectra, collected at 532 nm excitation laser wavelength (0.1 mW, 0.5 s and 
10 aq). 
EG 
graphite 
Fe3O4@EG_02 
Fe3O4@EG_01 
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By the application of Raman imaging it was possible to explore the homogeneity of 
composites and the magnetite NPs distribution in EG substrate. The optical micrographs 
obtained are shown in Figure 3.5. Three Raman images were constructed for each composite, 
integrating the substrate bands corresponding to Fe3O4 (682 cm-1), the D (1358 cm-1) and G 
(1591 cm-1) mode. The stronger intensities in the spectra means brighter color in the images. 
 
By the analysis of the Raman images, it is observed that composites are quite different 
in terms of homogeneity: composite Fe3O4@EG_01 shows higher color uniformity which is 
related to a more homogeneous distribution of Fe3O4 NPs (Figure 3.5 a left), defects on 
carbon lattice (Figure 3.5 b left), and the own carbon substrate (Figure 3.5 c left); composite 
2 (Figure 3.5 right) is less homogeneous as seen on its images with regions of higher intensity 
in specific spots. 
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Figure 3.5 - Raman images obtained using integrated intensity of Fe3O4@EG composites (left - 
Fe3O4@EG_01; right - Fe3O4@EG_02). Bands at: (a) 682 cm-1, (b) 1358 cm-1 and (c) 1591 cm-1. Respective 
optical images on top, with the scanned area marked in red. 
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a 
b 
c 
a 
b 
c 
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3.1.4 Fourier Transform Infrared spectroscopy 
Fourier transform infrared spectroscopy (FTIR) is an analytical technique that enables 
a rapid, nondestructive, reagentless and high-throughput analysis of diverse range of sample 
types [95]. In this case was applied for comprehension of the chemical structures of 
nanocomposites and their precursors. The FTIR spectrum of Fe3O4 NPs (data not shown) 
showed a very intense peak at 591 cm-1, which corresponds to the vibration of Fe-O 
functional groups. This peak was also seen in the composites spectra (Figure 3.6), 
corroborating the presence of the magnetic phase in both composite materials. Despite that, 
the carbon precursor (spectrum not shown) and Fe3O4@EG composites spectra were very 
similar, with main signals belonging to the typical vibration bands of carbon skeleton and 
some functional groups (e.g. hydroxyl groups (-OH) at 3445 cm-1 and 1385 cm-1 due to O-
H stretching and bending nodes of absorbed water [96], and carbonyl groups (C=O) at ~1090 
cm-1 due to C-O stretching resonance promoted by OH groups during the fabrication process 
[97]). In all spectra are also visible absorption peaks at 1740 cm-1 assigned to carbonyl group 
[96], at ~1635 cm-1 C=C absorption peak and also at 1583  cm-1 for EG due to the conjugation 
extension in the graphite plane [97], and vibrations clearly visible, related to C-H bending 
vibrations at ~1456 cm-1, and small peaks at ~2925 and 2854 cm-1 corresponding 
respectively to C-H bending and stretching modes related to defects in sp2 hybridized 
domains [96]. 
 
 
Figure 3.6 - Magnetic nanocomposites FTIR spectra. 
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3.1.5 Magnetic measurements 
Magnetic measurements were carried out to confirm the magnetic fields of the 
composites. Both samples present a fast saturation in the presence of an external field, as 
shown in Figure 3.7, independently of the temperature. At room temperature, the saturation 
of Fe3O4@EG_01 and Fe3O4@EG_02 is, respectively, about 102 and 96 emu/g Fe3O4. These 
values are in the same saturation order as bulk magnetite at room temperature, ca. 92 emu/g 
[66], [98], [99]. Furthermore, the nanocomposite prepared by electrostatic assembly 
(Fe3O4@EG_01) has a magnetization of 45 emu/g, while the one prepared by oxidative 
hydrolysis (Fe3O4@EG_02) shows a magnetization of 80 emu/g. This fact is related to the 
highest magnetite content in the composite Fe3O4@EG_02. 
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Fe3O4@EG_01 
 
 
Fe3O4@EG_02 
 
Figure 3.7 - Magnetization curves as function of magnetic field for 
Fe3O4@EG_01 and Fe3O4@EG_02 composites. The right axis is displayed 
considering the estimated mass percentage of Fe3O4 using Fe mass and 
stoichiometric magnetite. 
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3.2 Sorption of platinum group elements from spiked spring water 
3.2.1 Sorption efficiency of magnetic nanocomposites and their precursors and the 
effect of pH 
The effect of pH on the removal efficiency of Pt, Pd, Ru, Rh and Ir from spiked spring 
water (1 mol dm-3 in each PGE), by the magnetic nanocomposites (Fe3O4@EG_01 and 
Fe3O4@EG_02) and their precursors (EG and Fe3O4 NPs) was evaluated for pH values of 5, 
7 and 8. 
The results were expressed by the removal efficiency (% removal), calculated with 
equation (16), were 𝑐𝐴,0 is the initial PGE concentration and 𝑐𝐴,24ℎ is the remaining PGE 
concentration in solution after 24 h of contact time. 
𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) =
𝑐𝐴,0 − 𝑐𝐴,24ℎ
𝑐𝐴,0
× 100 (16) 
The efficiency results for each element and pH are plotted in Figure 3.8. At first sight, 
from the analysis of results, all elements do not have the same behavior and there are 
different tendencies for three groups of metals. Platinum and Iridium have the lowest 
sorption efficiencies, and the best results were obtained at pH 7 and for sorbents with the 
highest magnetite content (Fe3O4 NPs and Fe3O4@EG_02 nanocomposite). For these two 
elements, the Fe3O4@EG_02 nanocomposite have the best removal performance, 
respectively, 12.6% and 15.1% for Pt and Ir. 
Palladium and Ruthenium have the highest removal results, with the residual 
concentrations in solution near to the equipment detection limit, and with no relevant 
dependence on sorbent type (magnetic or non-magnetic) or pH value. However, the highest 
values of removal efficiencies (over 90%) were record for sorbent materials with greater 
graphitic material content, i.e. EG and Fe3O4@EG_01. 
Rhodium uptake by the sorbents exhibits an intermediate behavior when compared to 
the other PGEs. It is also observed a different pH dependence comparing to the other 
elements: the greatest removal efficiency was achieved in alkaline medium (54.4 % removal 
at pH 8). More, for this element is visible a positive dependence on pH of the removal 
process, i.e. an increase on the pH value results in a removal increment (for acidic pH values, 
the removal is very low). However, is also denoted that for magnetic materials (magnetite 
nanoparticles and magnetic nanocomposites) results are slightly similar for pH 7 and 8. This 
could be due to the same charge at the surface of the materials, since the point zero charge 
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(PZC) of Fe3O4@EG_01 is at pH 5.2, around pH 6 for Fe3O4@EG_02 and for pH 6.5 for 
Fe3O4 NPs. The differences between elements removal efficiencies may also be assigned to 
the competition for the sorption sites, between the PGE: this behavior may be related to 
similarities between some elements as their atomic weight or electronic distribution. 
Comparing the performance of all sorbent materials, the results suggested a higher affinity 
of Rh for the sorbent materials with greater magnetite content, Fe3O4 and Fe3O4@EG_02, 
than for EG. As a clear sorption dependence of pH in the removal process for this element 
is observed, the pH can be a tool for a separation of PGE from aqueous solutions. 
  
  
 
Legend:  
Figure 3.8 - Pt, Ir, Pd, Ru and Rh removal efficiency of pH and sorbent material (1 mol dm-3 initial PGE 
concentration; 24 h contact time; 50 mg dm-3 sorbent material dose, T = 20 ºC, 300 rpm stirring). Error bars 
for each element are presented. 
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Some authors also studied the effect of pH on the sorption of Platinum group elements. 
Vargas et al. [59] states that there was an increase in the biosorption capacity of three 
different species of a sulfate-reducting bacteria (Desulfovibrio) toward PGE with pH, 
reaching a maximum of 1.785 mol mg-1 for Pd and 0.46 mol mg-1 for Pt, at pH 3. The 
same authors also referred that in diluted solutions, the biosorbent have more affinity for 
palladium than for platinum, due to the higher uptake rate observed. That tendency was also 
verified in this work, for all materials and pH values, since the Pd uptake was always higher 
than Pt. 
Other authors, Uheida et al [57] and Kabiri-Tadi et al [61] refer respectively, that 
magnetite powder and clinoptilolite have high loading sorption capacities toward PGE at pH 
2 - 2.5. According to Uheida et al., for pH>3, the hydrolysis of metal ions occurs and the 
precipitation of the metal hydroxide on the surface may takes place [57]. This fact may be 
assigned to the higher PGE concentration in the aqueous solution or to the existence of 
complexing agents on the aqueous matrix. Homchuen et al. [56] confirmed that no Pt 
precipitation occurred at pH values 1 - 12, while Rh and Pd precipitated at pH values greater 
than 4 and 6.5, respectively, using magnetite as sorbent. By the information reported in 
several papers, pH ~3 permit higher removal value achievement and for pH>3 precipitation 
tend to occur, however, no PGE concentration decline was observed in the control replicas 
of our work for the tested pH range, which indicates that in our solutions, precipitation did 
not occur. In this work, it was seen that low pH values tend to reduce Rh and Ir uptake in all 
sorbents to negligible values, while high pH values (pH 8) are not favorable to Pt and Ir 
uptake. In general, neutral pH (ca. 7) it seems to be the value more appropriate for the 
removal of all PGE by the sorbents under study. 
According to Snyders et al. [63] lower pH appears to favor PGE uptake in activated 
carbon, but is constrained by a safe working limit of pH 9.5 - 12 due to the formation of 
toxic HCN gas at lower pH values for cyanide solutions matrices. In the pH range 9.5 - 12, 
higher Pt removal is obtained for pH 9.5. The authors reported that activated carbon removes 
almost 100 % of Pt and Pd from the aqueous solution. In that study is also indicated that Pt 
sorption is dramatically reduced in the presence of copper or nickel ions. In other study, 
Jalillian et al. [58] investigated the capacity of synthesized magnetic nanosorbent toward Pd 
and Pt, and reported a sorption capacity of 0.42 and 0.26 mmol g-1, respectively. In that study 
the authors also investigated the effect of potentially interfering ions in the sorption process 
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present in natural matrices, and concluded, that potentially interfering ions did not affected 
the recovery of the target analytes [58]. In our study, all sorption essays were carried out in 
spring water containing ions such as Ca2+, Na+, Cl- and HCO3- at mg dm-3 concentration. 
From our results, we may conclude that the presence of these ions does not affect the sorption 
of Pd and Ru since their removal was almost complete, but we cannot conclude about their 
influence on the removal of other elements (Rh, Pt and Ir). More, as in our work, Els et al. 
[64] concluded that iridium is not preferred for sorption, from a solution containing various 
PGE. The authors reported that in mixture, the sorption of all components is reduced, due to 
the presence of multiple ions competing for the sorption sites, and only a few ions were 
sorbed. Was also suggested that the low sorption of Ir may be due to the ionic competition 
for the sorption sites. 
 
From the study of pH on the sorption efficiency of the nanocomposites and their 
precursors toward PGE, it is possible to highlight some conclusions such as: 
▪ Magnetic nanosorbents are easily extracted from the aqueous solution, applying an 
external magnetic field; 
▪ Magnetic materials have, in general, higher PGE removal efficiencies than EG; 
▪ Despite similar results for the two magnetic composites regarding Ru and Pd uptake, 
Fe3O4@EG_02 exhibited higher Rh, Ir and Pt removal than Fe3O4@EG_01; 
▪ The highest removal efficiencies for Ir and Pt were obtained at pH 7; 
▪ No relevant pH dependence was verified in the Ru and Pd removal process; 
▪ Similar results were obtained for magnetic materials, for Rh removal, at pH 7 and 8. 
 
3.2.2 Effect of amount of Fe3O4@EG_02 composite 
The effect of sorbent mass on the PGE removal process was investigated for the 
composite with the best overall removal performance, Fe3O4@EG_02, as previously 
explained in the former section, and for the same diluted PGE solution (1 mol dm-3 in each 
PGE). Results were evaluated and compared in terms of removal percentage for each 
element, as shown in figure 3.9. 
Except for Ir, which removal efficiency was very low and constant by doubling the 
amount of sorbent, it was observed a small increase on the removal efficiency of 
Fe3O4@EG_02 toward Pt, Ru, Rh and Pd. This increment is due to the increase of the 
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number of sorption sites. Palladium and Ruthenium were completely removed (>95 %) from 
solution and the highest removal percentage increment was observed for Rh. 
Again, the differences between elements, may be due to the competition for the 
sorption sites. 
 
  
Figure 3.9 - Ir, Pd, Pt, Rh and Ru removal efficiencies at pH 7, for 50 mg dm-3 and 100 mg dm-3 of 
Fe3O4@EG_02 nanocomposite (1 mol dm-3 initial PGE concentration; 24 h contact time, T = 20 ºC, 300 
rpm stirring). Error bars for each element are presented. 
 
3.2.3 Sorption kinetics: mass balance calculations and modelling 
Figure 3.10 displays the sorption kinetics for the system PGE/Fe3O4@EG_02, 
expressed in terms of normalized concentration (𝑐A/𝑐A,0), for two different sorbent doses 
(50 and 100 mg dm-3). The PGE concentrations from the control solutions remained 
approximately constant during the entire experience (𝑐𝐴 𝑐𝐴,0⁄  ~ 1), and for better clarity 
these data are not shown in the figure. The results from the control solutions confirm that 
PGE removal from the diluted solution is only related to the presence of magnetic 
nanocomposite. 
From Figure 3.10, it is also possible to conclude that all elements have reached 
equilibrium within 96 h (except Pt for the higher sorbent dose) which was the established 
time for the kinetic experiments. The removal of Ir and Pt was negligible for the lowest 
sorbent dose, while Pd, Rh and Ru show high removal values as previously seen. The kinetic 
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profile of these three elements, is characterized by similar removal curves, where two 
distinct behavior zones for each element can be identified: in the first zone is observed a fast 
decreasing in metal concentration along time when sorbent loading is still low, and in the 
second zone the removal is slower until the equilibrium is reached due to the high sorption 
sites occupation. With the increasing of sorbent dose to 100 mg dm-3, no relevant differences 
were observed on the kinetic profile of Ir, but on the contrary, some differences were 
observed for the system Pt/Fe3O4@EG_02. For the highest dose of sorbent, the concentration 
of Pt decreases continuously with time and reach a removal rate of nearly 40 % after 96 h of 
contact. More, the results for this sorbent dose also suggest that the Pt equilibrium have not 
yet been reached. As for the lowest sorbent dose, the kinetic profile of Pd, Rh and Ru is 
characterized by similar removal curves with the two distinct behavior zones described 
previously. The results from both sorbent dose essays suggest that Pd and Ru have similar 
sorption kinetics removal behaviors, as indicated by their overlapping points. More, it is also 
possible that the low removal rate of Pt, observed in the first essays, may be a consequence 
of the saturation of the sorption sites by the elements with higher affinity for the sorbent (Pd, 
Ru and Rh). It can be proposed that after the sorption of Pd, Ru and Rh be accomplished, 
the Pt sorption also takes place due to the greater availability of sorption sites in the higher 
dose essay. On the other hand, due to the apparent non-existence of a relation between Ir 
uptake and sorbent dose, it can be stated that the affinity between Fe3O4@EG_02 magnetic 
nanocomposite and Ir is very low. 
 
As expected, the kinetic is faster and the sorbate-sorbent systems takes less time to 
reach the equilibrium, when the dose of sorbent is higher. For the highest sorbent dose (100 
mg dm-3), Pd, Ru and Rh reach equilibrium after ca. 16 h, but for the lowest sorbent dose 
(50 mg dm-3) the same elements take, at least 24 h for the same stage achievement. 
Comparing the equilibrium uptakes obtained at the end of the kinetic studies, it is seen 
that removal values are similar for Pd, Ru, Ir and Rh (only a small growth for the higher 
sorbent dose), but for Pt the sorption has increased almost tenfold by doubling the sorbent 
dose. By these results, PGE affinity to the Fe3O4@EG_02 magnetic nanocomposite can be 
schematically ordered as (highest to lowest affinity to the magnetic nanocomposite): Pd  
Rh  Ru > Pt > Ir. 
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Figure 3.10 - Normalized concentration of Ir, Pd, Pt, Rh and Ru as function of time, 𝑐𝐴 𝑐𝐴,0⁄ = 𝑓(𝑡), for a) 50 
mg dm-3 and b) 100 mg dm-3 Fe3O4@EG_02 nanocomposite dose (1 mol dm-3 initial PGE concentration, pH 
= 7, T = 20 ºC, 300 rpm stirring). Error bars were omitted for better clarity. 
 
 
To better understand the kinetic profile of the sorption process, the kinetic models 
pseudo-first order (PFO), pseudo-second order (PSO) and Elovich (described by equations 
(3), (6) and (12) respectively, were used to fit the experimental kinetic data for the system 
Pd/Fe3O4@EG_02, Ru/Fe3O4@EG_02 and Rh/Fe3O4@EG_02. The experimental solid 
loadings (𝑞𝐴) calculated by the mass balance and the fittings of each model, as function of 
time are shown in Figure 3.11, and the best-fit parameters for each data set are summarized 
in Table 3.1. 
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As previously seen, Pd and Ru have a similar behavior and patterns for the two sorbent 
doses. For the lowest sorbent dose (50 mg dm-3), the amount of Pd and Ru sorbed after 72 h 
was 16.3 mol g-1 and 15.3 mol g-1, respectively, and for Rh was 14.8 mol g-1. These 
values decrease with increasing the concentration of composite and, for the highest sorbent 
dose (100 mg dm-3), the experimental solid loadings were 7.61 mol g-1 (Pd), 7.72 mol g-1 
(Ru) and 9.52 mol g-1(Rh). 
By the model fitting analysis is observed that all models satisfactorily describe the 
experimental data for Pd and Ru, with the standard deviation of the residues (Sy.x) under 
0.922 and the coefficients of determination (R2) above 0.898. However, for these two 
elements, the best fit was always achieved using the pseudo-second order model (R2>0.960 
and Sy.x<0.713). The estimation of the 𝑞A,e values by the pseudo-second order match 
accurately with the experimental equilibrium values (except one value of 12 %, the relative 
errors were lower than 7 %).  
For the system Rh/Fe3O4@EG_02, the kinetic data is better fitted by the Elovich 
(Sy.x<0.677 and R2>0.972). 
For the studied elements (Pd, Ru and Rh) the dose of sorbent does not influence the 
type of model that better describe the kinetics, but it has influence on the rate constant, i.e. 
the PGE removal process is faster for high doses of Fe3O4@EG_02. Overall, the removal 
kinetics is mainly affected by the amount of sorbent, and although mechanisms cannot be 
directly assigned based on kinetic modeling, the pseudo-second order and the Elovich 
models, which are the models that better described these results, have in general application 
to describe chemisorption processes. 
 
Comparing these results with literature is not an easy task due to the wide range of 
experimental initial conditions that are used. It is well established that initial sorbent and 
sorbate concentrations, pH, temperature and type of sorbent may have a strong influence on 
sorption results such as solid loading, equilibrium time, sorption capacity and sorption 
efficiency. Here by is an attempt to compare our results with the ones found in literature. In 
the Vargas et al. [59] study, the best uptake capacity of Desulfovibrio is obtained for Pt, with 
the equilibrium reached after 20 - 30 minutes, starting with initial Pt concentration of 470 
mol dm-3 and a biosorbent dose of 150 mg dm-3. Uheida et al. [57] states that maximum 
sorption for Pd, Rh and Pt takes less than 30 min for an initial concentration of 30               
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mol dm-3 PGE solution and using 1000 mg dm-3 of a magnetic sorbent. The same authors 
reported that in a PGE mixture, Rh removal was the highest, and Pt shown the lowest affinity 
toward iron oxide nanoparticles. The maximum loading capacities at equilibrium were 103 
(Pd), 149 (Rh) and 68 (Pt) mol g-1. In the Kabiri-Tadi et al. [61] work, the Ru sorption 
equilibrium onto clinoptilolite was attained after 2 h of contact time between a Ru solution 
(250 mol dm-3) and a 30 g dm-3 sorbent dose. Snyders et al. [63] reported that the removal 
of Pd and Pt by activated carbon achieved almost 100 %, with equilibrium being reached 
after 120 min of contact time, while no removal was observed for Rh after 72 h. The authors 
also suggested that Pd and Pt have similar kinetic patterns. Homchuen et al. [56] reported a 
Pt maximum uptake of 3.0 mol g-1 at pH range 6 - 7, using Fe3O4 powder as sorbent (2000 
mg dm-3 dosage), and that above pH 6.5 the amount of metal sorbed decrease gradually. The 
authors also reported that PGM sorption kinetics was slow at the beginning and only after 
24 h of contact time, the uptake became constant. The slow sorption kinetic was related to 
the uptake relation to chemical reactions (chemisorption). Cosden et al. [54] experiments 
revealed that Pd removal is faster than Pt, in sea water matrix using a macroalga as sorbent.  
Comparing the results from the study of Uheida et al. [57] with the current ones, it is 
possible to conclude that the reported values are clearly higher than experimental values of 
this study. This fact may be related to the different affinity of the sorbent materials toward 
the target elements and/or with the choice of the experimental conditions. It must be 
highlighted that this author also selected initial PGE concentrations that are 25 to 250 times 
higher than the one used in this work. Kabiri-Tadi et al. [61] confirm that the pseudo-second 
order model fitting better describes the experimental data obtained in this work for the Ru 
sorption process. Other similarities with our results were reported by Homchuen et al. [56] 
that reported a low and similar value for Pt maximum uptake (3.56 mol g-1), for the same 
pH range. Vargas et al. [59], Uheida et al. [57], Kabiri-Tadi et al. [61] and Snyders et al. 
[63] refer quick PGE sorption times (under 2 h) but, as previously seen, the equilibrium 
values for this work was attained after 16 h, at least. As suggested by Homchuen et al. [56], 
the slow adsorption kinetics may be related to the occurrence of chemisorption phenomena, 
and by the choice of the experimental conditions. In this work PGE concentration was 
approximate to Homchuen et al. [56] work’s concentrations (only 2.56 to 5 times lower), 
however, our magnetic sorbent doses were clearly lower (100 times). In addition, results 
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from this work do not confirm Snyders et al. [63], about Pd and Pt similarities, no removal 
of Rh and ~100 % Pt removal efficiencies. 
As previously seen, in Figure 3.10 for the higher sorbent dose results, Pd uptake is 
faster than Pt removal in a natural water matrix, as cited by Cosden et al. [54]. 
 
 
Figure 3.11 - Experimental data and fitted kinetic models (pseudo-first order, pseudo-second order and 
Elovich model)  for Pd – i) and ii), Ru – iii) and vi), and Rh – v) and vi), with a Fe3O4@EG_02 sorbent dose 
of 50 and 100 mg dm-3, respectively (1 mol dm-3 initial PGE concentration, pH = 7, T = 20ºC, 300 rpm 
stirring). Error bars were omitted for better clarity.  
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Table 3.1 - Optimized kinetic parameters for fitted kinetic models (pseudo-first order, pseudo-second order 
and Elovich model) for Pd, Rh and Ru with a Fe3O4@EG_02 sorbent dose of 50 and 100 mg dm-3. The 
parameters denoted by qAe,exp and qAe are the experimental and the calculated value from each kinetic model 
for each element’s solid loading, respectively. 
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Dose 
(mg L-1) 
Element 
qAe,exp 
(mol g-1) 
qAe,calc 
(mol g-1) 
k1 
(h-1) 
Sy.x R2 
50 
Pd 16.3 16.12 0.309 0.7906 0.985 
Rh 14.8 12.95 1.091 2.218 0.723 
Ru 15.3 15.68 0.281 0.8736 0.983 
100 
Pd 7.61 7.476 2.199 0.7807 0.922 
Rh 9.52 7.826 4.324 1.060 0.855 
Ru 7.72 7.664 2.045 0.9217 0.898 
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Dose 
(mg L-1) 
Element 
qAe,exp 
(mol g-1) 
qAe,calc 
(mol g-1) 
k2 
(g mol-1 h-1) 
Sy.x R2 
50 
Pd 16.3 17.52 0.0243 0.6612 0.989 
Rh 14.8 13.81 0.1131 1.637 0.849 
Ru 15.3 17.07 0.0229 0.7134 0.989 
100 
Pd 7.61 7.893 0.4107 0.447 0.974 
Rh 9.52 8.279 0.7325 0.7182 0.934 
Ru 7.72 8.114 0.3673 0.5796 0.960 
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Dose 
(mg L-1) 
Element 
qAe,exp 
(mol g-1) 
𝛼 
(mol g-1 h-1) 
𝛽 
(mol g-1) 
Sy.x R2 
50 
Pd 16.3 31.43 0.372 1.371 0.945 
Rh 14.8 137.7 0.553 0.6772 0.972 
Ru 15.3 16.44 0.332 1.306 0.962 
100 
Pd 7.61 303,1 1.121 0.7371 0.930 
Rh 9.52 1237 1.196 0.2197 0.994 
Ru 7.72 261,9 1.070 0.7652 0.930 
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3.2.4 Sorption equilibrium and modelling 
Equilibrium essays were carried varying the dose of sorbent between 1 and 50             
mg dm-3 and keeping constant all the others experimental parameters (pH, temperature, 
initial PGE concentration and stirring). The analysis of equilibrium results was carried out 
only for Pd, Ru and Rh, since no relevant sorption occurred for Pt and Ir for the selected 
composite dosages. In Figure 3.12 is plotted experimental isotherm data for Pd, Ru and Rh, 
𝑞Ae = 𝑓(𝑐Ae). Again, a similar pattern for 𝑞Ae as function of 𝑐Ae is observed for Pd and Ru, 
with Rh showing a slightly different behavior. However, is immediately observed that all 
sorbent-sorbate systems exhibit unfavorable isotherms, with an almost square convex shape 
to the concentration axis, which means very low sorption at low sorbent concentration range, 
and sorption capacity increases with concentration. In terms of the theoretical classification 
of BDDT (Brunauer, Deming, Deming, Teller), their shape falls within type III, and 
according to the Giles classification [100], the isotherms follow S-type curve pattern. 
In the isotherm modeling process, several isotherms were selected to fit the 
experimental data (Linear, Langmuir, Freundlich, Dubinin-Radushkevich, Temkin, 
Langmuir-Freundlich, Toth and Redlich-Peterson isotherms), but, due to the unfavorable 
isotherm behavior, only Freundlich isotherm satisfactory fit the equilibrium data, where a 
small variation in PGE concentration gives a big variation in solid loading. The best-fit 
parameters and the goodness of the fits are shown in Table 3.2. The fits for Pd and Ru show 
lower SSE and higher R2 values (over 0.979), than the fit obtained for Rh equilibrium data 
(R2 = 0.838). In the case of Rh, R2 does not have a high value and SSE is lower than expected, 
however Freundlich model had the best fitting parameters for this element. The optimized 
value of the Freundlich parameter, n, lower than 1 for all elements, also suggest the 
unfavorable nature of the equilibrium sorption seen in Figure 3.12. When this empirical 
model is the most applicable, the amount adsorbed is the summation of sorption on all sites, 
with the stronger binding sites being occupied first, until sorption energy is exponentially 
decreased - the binding strength decreases with the increasing site occupation [77], [83]. The 
Freundlich model can be applied to multilayer sorption, with non-uniform distribution of 
sorption heat and affinities over the heterogeneous surface [101]. 
Comparing this results with literature, in Vargas et al. [59] study, the equilibrium 
results show favorable isotherms and the data is better described by the Langmuir model, 
except when HCl media is used, where the Freundlich model fits better. Kabiri-Tadi et al. 
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[61] has concluded that the equilibrium data was best correlated with the Langmuir sorption 
model (with favorable isotherms). Can et al. [62] also reported that Langmuir model gave a 
more robust fit to equilibrium data of Rh sorption. Song et al. [65] concluded that equilibrium 
results of Pt sorption by magnetic polymer composites results were well fitted by Langmuir 
model. Although, all the above works indicate Langmuir model has the best model to fit the 
experimental data of PGE sorption by different sorbents, in the present work that tendency 
was not observed due to unfavorable isotherm seen for the 𝑐𝐴𝑒 range under study. Indeed, 
the diluted concentration range may be the reason for this peculiar behavior. 
 
 
      a) 
 
      b) 
 
                                        c) 
 
 
Figure 3.12 - Experimental data and fitted Freundlich isotherm modeling for a) Pd, b) Ru and c) Rh (1 mol 
dm-3 initial PGE concentration, pH = 7, T = 20 ºC, 300 rpm stirring). 
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Table 3.2 - Optimized parameters for fitted Freundlich isotherm model for Pd, Rh and Ru removal with 
Fe3O4@EG_02 nanocomposite. 
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 Element 
KF 
(L1/n mol1-1/n g-1) 
n SSE R2 
Pd 90020 0.218 1294 0.988 
Rh 84.9 0.451 714 0.838 
Ru 37766 0.223 2272 0.979 
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4 Conclusions and future work 
The main objective of this dissertation was to study the removal of platinum group 
elements by magnetic nanocomposites and to compare their efficiency with the one of their 
precursors. All sorbent materials were full characterized using several techniques. The 
sorption efficiency of materials toward the selected PGE (Palladium, Platinum, Rhodium, 
Ruthenium and Iridium) was evaluated in spiked spring water solution to simulate a real 
matrix, and the best experimental sorption conditions were also investigated and compared 
in terms of maximum removal percentage. The kinetic and equilibrium results were 
interpreted and modeled by several well-known and widely used models. 
The two magnetic nanocomposites were successfully synthetized by two different 
routes, using exfoliated graphite and magnetite nanoparticles as precursors. One composite, 
Fe3O4@EG_01, was prepared by electrostatic assembly of EG and Fe3O4 NPs, while the 
other, Fe3O4@EG_02, was obtained by oxidative hydrolysis of FeSO4 in the presence of 
exfoliated graphite. Sorbents characterization revealed that both nanocomposites were 
successfully synthesized, combining properties of both precursors and have different 
graphite/magnetite grade in each one. 
The results from batch sorption experiments indicate that magnetic nanocomposites 
(Fe3O4@EG) and their precursors (Fe3O4 NPs and EG) can uptake platinum group elements 
from water at realistic concentrations and matrices, and for some elements such as Pd and 
Ru, the removal efficiency can reach values as high as 90% or more. It was seen different 
affinities as function of graphite/magnetite grade of each sorbent material, for three groups 
of PGE, based in their similar sorption pattern: Pt and Ir, Pd and Ru and Rh. For the 
experimental pH range (5 - 8), Ir and Pt removal was negligible, Pd and Ru removal was 
almost complete, while Rh removal show some dependency on pH value – higher pH tends 
to favor Rh uptake. For a non-selective PGE removal, pH 7 and Fe3O4@EG_02 
nanocomposite, was chosen as the ideal pH value and sorbent, respectively. The amount of 
sorbent used determines the removal efficiency and equilibrium time. The higher the dose 
of sorbent, the higher the removal efficiency and lower the equilibrium time. 
The affinity of the Fe3O4@EG_02 nanocomposite toward the selected PGE follows 
the order Pd  Ru  Rh > Pt > Ir. The sorption kinetics for Pd, Ru and Rh were well described 
by PSO and Elovich models, and the obtained isotherms for the same elements show an 
unfavorable shape. The model that better describe the equilibrium values was the Freundlich 
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model. For this model, Pd and Ru had the highest values for coefficient of determination 
(over 0.979), nevertheless for Rh a low R2 value was achieved (R2 = 0.838). 
 
This study highlights that is possible to effectively remove some PGE from low-
concentration aqueous solutions, which is usually a challenge task, constituting a promising 
step in the recycling process of some precious metals. 
 
As a suggestion for future work, would be interesting to carry out regeneration studies 
to select the best elution agent, and then carry out consecutive sorption/desorption cycles. It 
also would be interesting to evaluate the efficiency of the composite in wastewaters, studying 
the precious metal removal capacity from a real effluent. Besides that, and in addition to 
batch mode, could be object of interest, to carry out essays in columns, such as fixed-bed or 
fluidized bed. 
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5 Outputs 
The research work developed under the scope of this thesis, was published and 
presented in an extended abstract and panel communication: 
• F. Rocha, E. Pereira, T. Trindade, C. M. Silva, C. B. Lopes, 2018, Selective recovery 
of platinum-group elements by Fe3O4@EG nanocomposites and their precursors, 
Chempor 2018 – 13th International Chemical and Biological Engineering 
Conference, 2-4 October 2018, Aveiro, Portugal. 
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Appendix A 
 
 
Figure A.1 - Experimental procedure used for sorption extraction, using magnetic sorbents. 
 
